INTRODUCTION
Surlyn ionomer resins are thermoplastic polymers produced by DuPont that can be molded, compressed, extruded and foamed into different shapes as needed. Foamed Surlyn is well suited for marine applications since it offers low-weight density, toughness, durability and excellent resistance to environmental agents, e.g. radiation, salt, waves, etc.
The Gilman Corporation (Gilman, CT) has been producing Surlyn foam for several years under the trademark name of Softlite Ionomer Foam. Navigational buoys and fenders made of Softlite foam are used successfully by the US Coast Guard and the US Navy.
PURPOSE
A typical oceanographic buoy must satisfy some basic requirements as such:
• Provide buoyancy to keep the oceanographic mooring in tension and to keep it from submerging under strong currents.
• Provide protected payload space to house data recording and transmitting equipment, batteries, etc.
• Be a stable platform for meteorological sensors.
To facilitate transportation and deployment, weight and dimension of the buoy must be compatible with the space and lifting equipment available on research vessels. Deployment time at sea is sometimes longer than one year , during which the buoy will experience the harshness of the marine environment. Design and construction must insure that the buoy can withstand these environmental forces with minimal structural damage and limited loss of buoyancy.
When the decision was made to build a prototype surface buoy with increased payload and reserved buoyancy, Surlyn foam was chosen over other materials (fiberglass, Kevlar, aluminum) for its structural properties, good working record, cost and availability. However , more data in the following areas were needed to completely assess the performance of a large surface buoy built entirely with Surlyn foam:
• Water absorption rate under pressure
• Loss of buoyancy due to volume reduction
• Loss of buoyancy due to water absorption.
These tests were needed to select the proper foam density for a buoy with a displacement of 20,000 lbs. when fully immersed.
DESCRIPTION OF SAMPLES
Four samples of different shape, volume and density were provided by the Gilman Corporation for testing at the Woods Hole Oceanographic Institution (WHOI), by the Ocean Structures & Moorings Laboratory (OS&M Lab) (see Figure 1 ) . All the samples were weighed and measured before wet testing. Their characteristics are shown in Table 1 below. • Sample #1 is a large grey cylinder with a 1 inch diameter steel through rod, end plates and eyenuts at each end. Total weight of the hardware is 20.1 lbs.
• Sample #2 is an assembly of 4 small dark grey cylinders mounted on a 3/4 inch steel rod with end plates and eyenuts. Weight of the hardware is 5.92 lbs. Each foam section has an average height of 6 inches.
• Sample #3 is a long blue cylinder with a central through hole (1.5 inch diameter) and no hardware attached.
• Sample #4 is a short, wide, red cylinder with a central through hole (1.5 inch diameter) and no hardware attached.
All four samples were ·built using the same manufacturing process in which a sheet of Softlite foam is heated and rolled up under tension in a cylindrical shape. Each new layer of foam heat-seals itself on the previous one giving the structure good longitudinal strength. The external surface of the foam body is then heat-treated, giving the external layer the consistency of a tough skin. _,211- . 1984..13 1.4 TEST PROCEDURE a) MEASUREMENTS RATIONALE Foams generally loose buoyancy when immersed in water. The following different factors which are inherent to the foam structure cause the buoyancy loss:
• Flooding of some of the weaker cells at the foam sample surface. In this case the surface cells might be weakened by action of environmental agents. The water absorbed in this way tends to leave the foam sample after it is pulled out of the water and dry stored. By measuring the weight before and after immersion the amount of water or weight gained can be roughly determined.
• Flooding of cracks or interstices when layers of foam are not perfectly heatsealed. Water will easily fill the open spaces at an early stage of immersion. By increasing the depth the pressure can close the cracks and interstices preventing further flooding. Cracks and cuts might also be caused by improper handling or abrasion against rough surfaces. The water absorbed in this fashion will quickly leave the foam sample upon retrieval from the sea.
• Buoyancy loss due to loss of volume. When the foam sample is placed at depth the relative water pressure will act on its surface compressing the whole body of foam and reducing its volume . The ability of the foam to withstand pressure (bulk modulus) is dictated by strength, structure and flexibility of each cell wall and by the compressibility of the gas trapped inside the foam. There are 2 modes of buoyancy loss due to volume reduction. A plastic mode which is permanent and an elastic mode which recovers when the pressure is removed.
Thus to determine and quantify the different possible modes of buoyancy loss one must proceed with the following measurements.
• The initial weight in the air of the sample "Wi"
• The initial buoyancy of the sample "Bi", which is measured at the surface. The initial buoyancy is defined as the difference between the immersed weight of the sinker, and the tension force in the line when the top of the sample is just immersed. "Bi" = SW -T.
• The final buoyancy of the sample "Bf', is the buoyancy at the surface measured as above.
• The final buoyancy of the sample at depth "Bd" which is measured as above with the line payed out until the top of the sample is at depth.
• The final weight of the sample in air "Wf' immediately after the sample is removed from the water.
• The final weight in air after the sample has competely stopped dripping "W d".
With the help of these measurements, buoyancy losses can be established as follows:
1. Total buoyancy loss "Lt" is then the difference between the initial immersed buoyancy and the immersed buoyancy at the· end of the t esting period. Lt = Bi-Bf 2. Buoyancy loss due to water absorbtion "Lw" is the difference between the samples initial air weight "Wi" and its final air weight after it has stopped dripping "Wd" Lw = Wi-Wd 3 . Buoyancy loss due to the flooding of cracks and intersticies "Lc" is the difference between the air weight when the sample is first pulled from the water "Wf' and the air weight after it has stopped dripping "W d" Lc = Wf-Wd 4. Buoyancy loss due to elastic deformation "Le" is the difference between the final buoyancy "Bf' and the buoyancy at depth "Bd" Le = Bf-Bd 5. Buoyancy loss due to plastic deformation Lp is the difference between the total buoyancy loss "Lt" and the sum of the losses due to absorbtion "Lw" and the flooding of cracks "Lc"
It was necessary to test the 4 foam samples at sea by hanging them from a floating platform; for the following reasons:
1. The maximum static pressure that affects the foam body of a surface buoy is 5 psi with the buoy fully submerged.
2. Size of samples. Significant samples of Softlite foam are too big to fit m the WHOI pressure vessel.
3. The floating platform canceled any depth variation due to tides.
The samples were carefully measured and weighed in air using two different scales (one mechanical and one load cell with a digital dial) . The following parameters were determined:
• Volume of sample The air and wet weight of each depressor weight and relative hardware was determined with the help of a crane car and precision load cell. The weight of the hardware necessary to connect weights and foam samples was also measured.
The buoyancy of a fully submerged foam sample in seawater is equal to the wet weight of the depressor and hardware less the tension in the line holding the depressor weight and the sample.
Each sample was connected to its depressor weight and lowered to a depth a few inches below the water surface. After five minutes in this position the tension was recorded and the initial buoyancy was calculated. The hanging line was then paid out until the top of the sample reached a depth of five feet. The tension in the line was again recorded and subsequently the line was fastened to the floating platform. After 24 hours the line tension was measured again with the sample at 5 ft . depth, just below the surface and in the air.
The same procedure was then repeated for all 4 samples at a depth of 10 ft . and a time exposure of 24 hours. Data collected from these two pressure -tests are shown in Table 2 Subsequently, an endurance test was performed by suspending the foam samples at a depth of 5 ft. for longer periods of time (9 days and 40 days). Data from the endurance t ests are shown in Tables 4 and 5 . Unfortunately foam sample #1 broke loose during the 40 day endurance test and remains on the bottom at a depth of 55 ft. When this sample is recovered it will be evaluated for pressure effects at greater depths.
After one week of dry storage the 3 samples were weighted again and the following data were collected: 
CONCLUSIONS
Softlite foam offers many advantages as a buoyancy material for surface buoys because of the foam's following characteristics:
• Low weight/volume ratio
• Tough material which is resistant to the marine environment
• No painting needed since pigment is melted into the plastic during the manufacturing process.
The test results indicated that more factors besides density must be taken into consideration when choosing the right foam for a specific application. In the case of a surface buoy, some very important parameters are:
• Surface area to volume ratio
• Number of concentricallayers of foam wound up to form the main body
• Outer skin conditions.
With reference to the first test (pressure), sample numbers 2 and 4 absorbed more water than numbers 1 and 3. Sample #4 had the lowest density and the highest surface area to volume ratio and, #2 had a low density and a low surface area to volume ratio. Buoyancy losses due to volume reduction seem somewhat contradictory. A possible explanation for the performance of #1 and #4 is that these samples have the highest number of foam layers and therefore were less compact and more resilient than the smaller samples.
The endurance tests show that foam with density values ranging from 4 to 5 p .c.f and a high number of layers should have a reasonable loss of buoyancy when deployed at sea for long periods of time. For future testing it would be ideal to deploy samples of the same size and volume but different densities. 
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Good Little Buoys
A
Corpus Cluisri. Texas s the front line of Coast Guard efforts to aid commercial and recreational navi-. gation, buoys lead a hazardous and. generally, brief existence. To help keep 40,000 miles 9f domestic waterways safe, buoys are deployed almost smack in the line of traffic. Before long, most fall victim to speed boats towing water skiers or towboats moving several l.SOO-ton-capacity com mercia! barges. "They're constantly being run over," says Sam Wilson,~ chief warrant officer in the Aids to Navigation Office here. "Buoys account for more tha n half of the 78.000 short range aids to navigation we maintain , and they represent an investment of more than $70 m-illion. Obviously . the longer they stay in service, the better our return on investment. But e\·ery year, we lose about half of the 10.000 buoys on the western r ivers. running aj.!round.
"If I were a towboat pilot pushing a $1 million bargeload of petroleum or chemicals. and had to choose between running aground or running over a buoy, I'd hit the buoy every time."
All of the GOO buoys deployed along
Wilson's 120-mile portion of the GIWW are sixth class. unlighted buoys. At five feet in height. they are the s mallest ones used by the Coast Guard. In a contest with a towboat. a sixth class buoy always loses. Wilson adds. "Mos t of our buoys are steel. When they get hit and their paint chips off. the salt water eats them up in no time. The collision rate is so high here that it's gotten to the point where we have to replace all our buoys every year.
" Last September, headquarters sent us 20 plastic foam buoys to try out," he conti.nues. "A towboat nicked one of them shortly after they were deployed, but that buoy is still afloat on station. I think these new buoys are going to save us a sizable sum of money."
Floating Assignment For "Surlyn"
The new buoys are made of Du Pont "Surlyn" ionomer resin by the Gilman Corp. of Gilman, Connecticut. Gi lman heats the "Surlyn", pigments it, adds a weathering package, injects "Freon" 12 blowing agent to foa m the material, and then allows it to cool in sheets from l/32nd to l/4 inch in thickness. The com· panyis the only U.S. suppl ier of the result· ant low-density (three pounds per cubic foot) ionomer foam which it markets under the trademark. "Softlite".
To form the Coast Guard buoys, Gi l· man rolls up and s imultaneo usly heat· seals sheets of the foam. wire-cuts the bundle to the appropriate shape, and then exposes it to heat to form a skin. "No adhesive is required because 'Surlyn · adheres to itself. other plastics, metal. glass, wood and paper with heat and pres· sure," notes Richard Gilman, Gilman Corp. president and developer of the foamed buoys. "We've always used 'Freon' blowing agent to foam our 'Softlite'." he adds. "No Buoys of foamed "Sudyn .. mark shipping lanes in the 1exa.s portion of the Gulf Intracoastal Waterway. a serpentine in· shore ditch dredged out of 1.113 miles of semitropical marshlands.
other blowing agent is as good for foaming thermoplastics to low densities.·· The Coast Guard is evaluating two types of sixth class buoys of low-density foamed "Surlyn" which are being tested off Portsmouth. Virginia. a nd in the GIWW near Mobile, Alabama. New Orleans. and Corpus Christi. "We expect these buoys to give us several years of maintenance-free service." says Coast Guard ocean engineer Paul Glahe. "A prototype foam buoy has been tested near Portsmouth for more than a year with no problems. At 36 pounds. they a re easier to handle than· a conven· tional 80-pou nd. sixth class buoy of steel. Their light weight also· makes them s it higher in th e water without listing. Be· cause the foamed material doesn't absorb water or corrode. and its characteristics don't vary with temperature. we shoul d be able to use them from New York to Guam. But impact resistance is the ir biggest advantage. "This is not the first plastic buoy we've tried." Glahe adds. "But this one out· performs ABS and cross-linked polyeth· ylene in terms of ease of fabrication. low weight and impact resistance. When a buoy of ABS is hit by a towboat. it comes up in pieces.
The high impact resistance of DuPont " Surlyn" ionomer resin has earned it a number of assignments where hard knocks a re common: bowling pin covers. softball cores. golf ball covers. auto bump· e rs and now waterway buo ys. The Coast Guard also is evaluating the material for use in 14-foot second class buoys. For addition a l information on this versa· t ile ionomer resin . write on le tterhead to:
• 1.000 90,000 3.000 1.500 1,500 1,500 3,000 1,000 3,000 3,000 <100 < 100 <100 <100 < 100 <100 <100 <100 100 <100 
TEST SET UP
A typical test set up for any sample did consist of: a test weight and hardware, a length of wire rope, the test sample, and a length of wire rope (See Figure 1) . Measurements of elongation were made under full tension by hauling the sample over a sheave for easy, precise measurements. The length of the lower wire rope was long enough to keep the loading weight immersed during the measurement. The length of the upper wire rope was long enough to maintain the entire sample in sea water at all tide levels.
ROPE CONSTRUCTIONS TESTED
1. Rope #1. This rope has a steel reinforced, cut resistant white jacket and a wire rope construction core made of Spectra fiber S-900. Diameter is 1/ 4 inch, strength is 7800 lbs., manufacturer is Whitehill.
2. Rope #2. This rope has a polyester jacket with a color marking. The rope is a 2 in 1 construction of braided Spectra S-900. Diameter is 1/4 inch, strength is 4500 lbs., manufacturer is Samson. 
TEST SCHEDULE
The test was conducted according to the following schedule:
1. First day. Measure the elongation of the (5) 
7.3 Permanent elongation
After removal from the dock , the test samples were allowed to dry up for a few days. 
CONCLUSIONS
The test was designed to not only assess the actual creep of the rope specimen, but to also compare their performance under same loading conditions. As evidenced by the creep curves, it is interesting to note that all Spectra ropes were still creeping at the end of the 80 test days, whereas the Kevlar sample seems to be stabilized. The following Table summarizes the creep test results. This result appears to contradict yarn data obtained at the same temperature but at lower loads suggesting a mechanism for very slow dimensional change that is present in rope but not in yarn. These results indicate the following :
• Rope #2 elongates more than rope #1, yet at 20% load they both creep approximately the same.
• As expected, the larger the load the larger the creep.
• If creep rates at 40% were the same for both ropes, then rope #1, sample #2 would have elongated 5.5% or so at the end of 80 days .
• The values obtained at the end of the tests are not as severe perhaps as expected. They still are too big for long term mooring applications. The disturbing observation also 
